Background {#Sec1}
==========

Mammographic density (MD), a radiographic reflection of the proportion of fibroglandular tissue in the breast, is one of the strongest risk factors for the development of ductal carcinoma in situ (DCIS) and invasive breast cancer \[[@CR1], [@CR2]\]. Nonetheless, most women with high MD have neither a prevalent tumor nor will they develop one during follow-up. Accordingly, identifying additional risk markers that are independent of MD may improve risk prediction.

Multiple breast imaging techniques \[[@CR3]\], including breast magnetic resonance imaging (MRI), can be used to evaluate breast density, and most yield similar results with respect to breast cancer risk. In addition, recent data suggest that MRI performed with contrast provides a measure of background parenchymal enhancement (BPE), which reflects vascularity and vessel permeability \[[@CR4]\] and has been associated with breast cancer odds in cross-sectional studies \[[@CR5], [@CR6]\]. Morphologically, the distribution, shape and size of radiologic patterns of dense tissue align well with areas of non-fatty tissue on gross examination of surgical pathology specimens; however, microscopically, areas of dense tissue appear highly variable, ranging from hypocellular dense collagen to hypercellular regions of invasive carcinoma. We hypothesized that vascularity is correlated with cellularity, suggesting that measurement of the former might prove useful in distinguishing dense tissues harboring neoplastic lesions from benign fibrosis. Accordingly, to assess this hypothesis, we examined relationships between microvessel density (MVD), a commonly used histologic measure of tumor angiogenesis, with MD measures and concurrent breast biopsy diagnoses.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

This study included 465 women aged 40--65 years undergoing image-guided breast biopsies at the University of Vermont College of Medicine and the University of Vermont Medical Center that participated in the National Cancer Institute (NCI) Breast Radiology Evaluation and Study of Tissues (BREAST) Stamp Project from October 2007 to June 2010, as previously described \[[@CR7]\]. Briefly, this study focused on patients referred for a diagnostic image-guided breast biopsy. At the time of mammogram, study participants completed a standard health history questionnaire which assessed known breast cancer risk factors. When a breast imaging study was considered abnormal, indicating the need for a biopsy, women were contacted by the study coordinator and screened to determine eligibility, obtain verbal consent, and administer an approximately 20-minute telephone interview to collect additional health information, including history of exogenous hormone use. Ninety percent of study participants underwent biopsy within 10 days of completing this interview. Eligible women were those without a history of breast cancer or treatment, who had not undergone breast surgery within the preceding year, did not have breast implants, were not taking breast cancer chemoprevention and were scheduled to have an image-guided breast biopsy. On the day of the breast biopsy, a research coordinator measured participants' height and weight.

Mammographic density assessment {#Sec4}
-------------------------------

Mammograms were acquired on one of six full-field digital mammography systems. Raw images were encrypted and transferred to the University of California at San Francisco for quantitative volume and area density assessment. This analysis was restricted to pre-biopsy views \[craniocaudal (96 %) or mediolateral oblique (4 %)\] of the ipsilateral breast. For three women who underwent bilateral breast biopsies, the breast with the most severe diagnosis was selected for analysis. If more than one mammogram was available, the mammogram taken closest in time prior to the breast biopsy date was selected.

Mammographic density (global and lesional) was quantified as an absolute tissue volume (cm^3^) and percent tissue volume using single X-ray absorptiometry (SXA), as described previously \[[@CR8], [@CR9]\]. An SXA breast density phantom was affixed to the top of the compression paddle and included in the X-ray field during mammography examinations. Mammographic grayscale values were compared to the values of the SXA phantom with a known fibroglandular tissue volume (FGV) composition and thickness. In this way, volumetric measures were achieved using a planar image. Previous estimates of reproducibility for the SXA test phantoms demonstrated a repeatability standard deviation of 2 %, with a ±2 % accuracy for the entire thickness and density ranges \[[@CR8]\]. Area-based mammographic density measures were also available as previously reported in this study population \[[@CR7]\]. As volume and area measures were highly correlated \[[@CR7]\], we limit our presentation of results to volumetric measures.

To compute localized density measures of the biopsied lesion, two radiologists (SDH, JMJ) recorded the biopsy location and radius of the biopsy target on the pre-biopsy standard digital mammogram (i.e., Digital Imaging and Communications in Medicine format). Absolute lesional volume (cm^3^) and percent lesional volume were estimated using SXA within the biopsy target, centered at the biopsy site \[[@CR9]\]. A repeat set of 25 images was assessed for reliability. The intraclass correlation coefficients (ICCs) for percent lesional volume, absolute lesional volume, and total lesional volume were 0.99, 0.50, and 0.44 respectively, indicating fair to excellent reproducibility. Distributions of density measures were examined and images with extreme values were reviewed visually for validation. The American College of Radiology's Breast Imaging Reporting and Data System (BI-RADS, Fourth Edition) breast density assessment (reported on the same images used for quantitative analysis) was analyzed as (I) almost entirely fat; (II) scattered fibroglandular densities; (III) heterogeneously dense; and (IV) extremely dense \[[@CR10]\].

Pathologic diagnosis assessment {#Sec5}
-------------------------------

Pathology reports from the breast biopsy and surgical excision were reviewed to assign final pathologic diagnoses. We classified the following diagnoses as non-cases: non-proliferative benign breast disease, proliferative (ductal hyperplasia; sclerosing adenosis), and proliferative with atypia (atypical ductal or lobular hyperplasia) (n = 174). Cases included diagnoses of ductal or lobular carcinoma in situ (n = 36) and invasive cancer (n = 8).

As part of the clinical workup, tumor blocks from in situ and invasive cancer were sectioned and stained for estrogen receptor (ER) and progesterone receptor (PR). We obtained these slides and one observer (RLC) rescored all sections microscopically. The percentage of stained cells (range: 0--100 %) and intensity (0 = negative, 1 = weak, 2 = moderate, 3 = strong) were recorded and an overall score was calculated as the product of these components (range: 0--300). We dichotomized expression as negative (\<10) or positive (≥10). When information on these stains was missing, we obtained tumor blocks and performed immunohistochemistry according to routine protocols, also scored by the same microscopist (RLC).

CD31 immunohistochemical staining and MVD assessment {#Sec6}
----------------------------------------------------

Paraffin-embedded whole section slides were deparaffinized and antigen retrieval performed with citrate buffer pH6 using a pressure cooker. Endogenous activity was blocked with 3 % peroxidase and primary antibody CD31 (Clone JC70A, DAKO, Glostrup, Denmark) was applied for 2 hours at room temperature. Subsequently, antibody was detected using DAKO Env + labeling system and visualized with 3,3′-diaminobenzadine (DAB) for 20 min. After rinsing, slides were counterstained with modified Harris hematoxylin, dehydrated with graded alcohol, cleared with xylene and a coverslip applied.

We performed a pilot study including 20 participants to determine the within-woman variability of MVD on whole section slides, based on counting vessels within three regions, each consisting of ten × 400 high-power fields, randomly selected from the (1) top, (2) center, and (3) bottom portions of the slide. When multiple tissue fragments existed, one randomly selected region from each of the three largest fragments was selected for MVD counting. Coefficient of variations (CVs) and ICCs were similar based on analyzing 30 or 15 fields; accordingly, in the full study, 15 MVD scores per slide were assessed by a pathologist (PL) masked to biopsy diagnosis (see Fig. [1](#Fig1){ref-type="fig"}). We analyzed the average MVD score per woman.Fig. 1Assessment of microvessel density (MVD) in CD31-stained whole section slides. Three random regions from the top, central, and bottom portions of the whole section slide were selected. Within each region, five adjacent, non-overlapping × 400 high-power fields were assessed for the number of CD31-staining microvessels

A masked independent review of 20 randomly selected slides after study completion by two pathologists (PL, MES) demonstrated an intra-rater agreement (ICC) of 0.88 and inter-rater agreement (ICC) of 0.82.

Analytic population {#Sec7}
-------------------

Of 465 participants enrolled, 12 were not subsequently biopsied and two went straight to surgery without a biopsy and were excluded. We excluded women who underwent ultrasound-guided core (n = 225) and MR-guided vacuum-assisted biopsies (n = 1). Ultrasound-guided biopsies were generally used to sample mass lesions, providing less non-lesional tissue for MVD analysis than vacuum-assisted breast biopsies, and were therefore excluded. We further excluded participants with invalid SXA volumetric MD measurements (n = 5) and insufficient tumor tissue on slide (n = 2), resulting in a final sample of 218 women.

Statistical analysis {#Sec8}
--------------------

Relationships between baseline characteristics according to final pathologic diagnosis (in situ and invasive cancer versus benign diagnoses) were examined using chi-square or Fisher's exact tests for categorical variables and Wilcoxon rank sum tests for continuous variables. Spearman rank correlation coefficients were computed to estimate correlations of MVD with age at biopsy, body mass index (BMI), and MD measures overall and by final pathologic diagnosis. Based on a Box-Cox transformation analysis, we used a power of 0.2 to improve normality of the average MVD score. Age- and BMI-adjusted linear regression models were used to examine relationships between MVD with participant characteristics and MD measures overall and by case status. We tested for differences by case status by including a multiplicative term between participant characteristics and MD measures with a binary indicator for case status and evaluating the Wald test *p* value. Age at biopsy (39--44, 45--49, 50--54, 55--59, 60--65 years) and BMI (\<25, 25-- \< 30, 30+ kg/m^2^) were coded as categorical variables. Other breast cancer risk factors were not significantly associated with MVD, and were therefore not included as potential confounders. We also examined the relationship between MVD and MD measures stratified by menopausal status based on previous findings demonstrating a decline in BPE after menopause in some women \[[@CR11]\].

Logistic regression models were used to estimate odds ratios (ORs) and 95 % confidence intervals (CIs) for associations between MVD (the average of MVD within a woman was standardized by one standard deviation) and final pathologic diagnosis (benign versus in situ/invasive) adjusted for age at biopsy and BMI. Subsequent models were adjusted for individual MD measures. We also evaluated whether a "gradient" of MVD and lesion severity existed using polytomous logistic regression with the following outcome categories: (1) benign, carcinoma in situ (ductal or lobular), and invasive cancer and, in a second model, (2) benign, proliferative, proliferative with atypia, carcinoma in situ (ductal or lobular) and invasive cancer. We also examined the association between MVD and final pathologic diagnosis stratified by MD. In these analyses, each MD measure was dichotomized at the median based on the distribution among the non-cases. We formally tested whether the ORs in each MD stratum were significantly different by including a multiplicative term between the dichotomous MD variable and MVD and evaluating the Wald test *p* value. We used SAS (version 9.3, SAS Institute, Inc., Cary, NC, USA) software for all analyses and two-sided *p* values less than 0.05 were considered statistically significant.

Results {#Sec9}
=======

Participant characteristics {#Sec10}
---------------------------

Among the non-cases, 50 had benign diagnoses, 99 had proliferative diagnoses, and 25 had proliferative disease with atypia (Table [1](#Tab1){ref-type="table"}). Cases reported past menopausal hormone therapy use (40.9 % vs. 20.1 %) and current use of oral contraceptives (9.1 % vs. 1.7 %) more frequently than non-cases. Global volumetric density did not significantly differ between cases and non-cases; however, lesional non-dense volumes were significantly higher in cases compared with non-cases. In univariate analysis, MVD in cases and non-cases was not significantly different (2.5 vs. 2.2, Kruskal-Wallis *p* value = 0.13).Table 1Selected characteristics of women referred to an image-guided vacuum-assisted breast biopsy in The BREAST Stamp Project by breast biopsy diagnosis (n = 218)CharacteristicsNon-cases (n = 174)Cases (n = 44)*p* ^a^Median age at biopsy (range)52 (40--65)52 (40--64)0.25n%^b^n%^b^Age at biopsy (years)0.11 39 to 442514.4613.6 45 to 494626.4511.4 50 to 545129.31329.5 55 to 592614.91329.5 60 to 652614.9715.9Race0.99 White15991.44193.2 Non-white158.636.8Education0.53  \< High school or high school graduate2615.1511.4 College/graduate school degree14684.93988.6Cigarette smoking (≥100)0.24 Never8348.51738.6 Ever8851.52761.4BMI (kg/m^2^)0.49  \< 259252.92454.5 25--\<304525.9818.2  ≥ 303721.31227.3Age at menarche0.79  ≤ 126537.81840.9 136336.61738.6  ≥ 144425.6920.5Oral contraceptives**0.02** Never2112.2818.2 Former14886.13272.7 Current31.749.1Parity0.17 Nulliparous4626.4613.6 12313.21022.7 26839.12045.5  ≥ 33721.3818.2Age at first birth (years)0.62  \< 309152.62556.8 Nulliparous or ≥ 308247.41943.2Menopausal status0.24 Premenopausal10057.52147.7 Postmenopausal7442.52352.3Age at menopause (years)0.59 Premenopausal10057.52147.7  \< 45126.949.1 45--49179.836.8  ≥ 503218.41227.3 Postmenopausal, age unknown137.549.1Menopausal hormone therapy**0.04** Never12169.52352.3 Former3520.11840.9 Current105.724.5 Missing/unknown84.612.3Family history of breast cancer0.83 No13175.73477.3 Yes4224.31022.7Lump at the time of mammography0.47 No15991.44397.7 Yes84.612.3 Missing/unknown74.000.0Reason for mammography0.91 Screening15689.74193.2 Short-interval follow-up105.724.5 Evaluation of breast problem84.612.3BI-RADS breast density0.74 I (entirely fat)2011.536.8 II (scattered densities)7844.82045.5 III (heterogeneously dense)5129.31738.6 IV (extremely dense)148.024.5 Missing/unknown116.324.5Final BI-RADS mammography assessment**0.03** 3 (probably benign finding)31.712.3 4 (suspicious abnormality)16997.13988.6 5 (highly suggestive of malignancy)10.636.8Biopsy laterality0.64 Left8247.12454.5 Right8951.12045.5 Bilateral31.700.0Pathologic diagnosis^c^ Benign5028.7\-\-\-- Proliferative9956.9\-\-\-- Proliferative with atypia2514.4\-\-\-- In situ\-\-\--3681.8 Invasive carcinoma\-\-\--818.2Lesion size0.24  \< 1 cm9354.11944.2  ≥ 1 cm7945.92455.8Volumetric mammographic density measuresMedianRangeMedianRangeGlobal % density (volume)36.00.6--99.335.210.0--97.30.59 Dense volume (cm^3^)178.66.7--497.8177.080.3--683.50.70 Non-dense volume (cm^3^)324.71.6--1977.0433.02.2--1291.50.31Lesional % density (volume)42.40.0--100.044.56.1--100.00.86 Dense volume (cm^3^)1.40.0--26.81.70.2--16.90.08 Non-dense volume (cm^3^)1.40.0--26.32.80.0--37.1**0.03**MVD^d^2.20.6--5.02.51.0--5.00.13Variables with *P* values \< 0.05 are presented in bold font*BREAST* Breast Radiology Evaluation and Study of Tissues, *BMI* body mass index, *BI-RADS* Breast Imaging Reporting and Data System, *MVD* microvessel density^a^Chi-square test was used for categorical variables; where 25 % of cells had counts less than 5 we used Fisher's exact test. Wilcoxon rank sum test was used for continuous variables^b^When more than 3 % of data were missing for a covariate, missing values were included as a separate category. Otherwise, missing data were excluded from column percentages and chi-square or Fisher's exact test^c^Benign: normal lobules or ducts defined as sclerotic/atrophied; non-proliferative fibrocystic change; discrete entities. Proliferative: ductal hyperplasia; sclerosing adenosis. Proliferative with atypia: atypical ductal or lobular hyperplasia^d^The average of MVD within a woman was computed and standardized by one standard deviation

Relationships between MVD with participant characteristics and MD measures {#Sec11}
--------------------------------------------------------------------------

Among non-cases, MVD was inversely correlated with age at biopsy (rho = -0.33, *p* \< 0.0001) and BMI (rho = -0.28, *p* \< 0.0002) (data not tabled). In multivariable linear regression models adjusted for age and BMI, MVD was inversely associated with age at biopsy and BMI among non-cases (Table [2](#Tab2){ref-type="table"}). Among cases, MVD was higher among women with three or more live births (*p* = 0.04). We did not observe significant associations between MVD and other risk factors.Table 2Age- and body mass index (BMI)-adjusted linear regression results for the association between participant characteristics and microvessel density (MVD), overall and by case statusAll womenNon-casesCasesN = 218n = 174n = 44Characteristicsβ^a^*p*β^a^*p*β^a^*pP* heterogeneity^b^Age (years)0.0090.010.460.63 45 to 49-0.03-0.030.01 50 to 54-0.07-0.07-0.07 55 to 59-0.08-0.11-0.03 60 to 65-0.10-0.09-0.12BMI (kg/m^2^)0.090.020.870.24 25-- \< 30-0.009-0.010.02  ≥ 30-0.05-0.070.03Age at menarche (years)0.530.770.490.68 130.020.010.05  ≥ 140.020.010.07Oral contraceptive use0.810.680.620.44 Ever-0.01-0.010.03Parity0.520.890.040.02 1-0.01-0.020.03 2-0.01-0.01-0.01  ≥ 30.02-0.010.16Age at first birth (years)0.330.290.980.83 Nulliparous or ≥ 300.020.020.00Menopausal status0.140.430.250.99 Postmenopausal-0.04-0.02-0.09Age at menopause (years)0.080.110.680.92  \< 45-0.10-0.09-0.02 45--49-0.0030.02-0.11  ≥ 50-0.06-0.050.08Menopausal hormone therapy0.730.660.520.75 Ever0.01-0.010.03Family history of breast cancer0.760.870.760.92 Yes-0.01-0.003-0.02Non-cases: non-proliferative benign breast disease, proliferative (ductal hyperplasia; sclerosing adenosis), proliferative with atypia (atypical ductal or lobular hyperplasia). Cases: ductal or lobular carcinoma in situ and invasive cancer.^a^Based on linear regression with the Box-Cox-transformed average MVD (within a woman) as the outcomeand adjusted for age at biopsy (39--44, 45--49, 50--54, 55--59, 60--65 years) and BMI (\<25, 25-- \< 30, 30+ kg/m^2^)^b^ *P* heterogeneity based on a Wald test in the regression model corresponding to an interaction term between case status and the corresponding variable

Age- and BMI-adjusted linear regression models were used to evaluate associations between MVD and the MD measures (Table [3](#Tab3){ref-type="table"}). MVD was not significantly associated with global or lesional percent dense volume measures. Among all women and the non-cases, MVD tended to be inversely associated with global measures of both absolute dense and non-dense volume. In particular, among all women, we observed statistically significant inverse associations between MVD and non-dense volume (β = -0.00007, *p* = 0.04). Among non-cases, MVD was inversely related to absolute dense volume (β = -0.0003, *p* = 0.008) and non-dense volume (β = -0.00008, *p* = 0.01). We observed positive associations of MVD with non-dense lesional volumes among all women and among cases (*p* ≤ 0.04). Finally, when the association between MVD and MD measures was stratified by menopausal status, we did not observe significant deviations from these patterns (data not tabled).Table 3Age- and body mass index (BMI)-adjusted linear regression results for the association between microvessel density (MVD) and mammographic density (MD) measures, overall and by case statusAll womenNon-casesCasesN = 218n = 174n = 44MD measureβ^a^*p*β^a^*p*β^a^*pP* heterogeneity^b^Global % density (volume)0.00040.350.00030.490.00050.700.67 Dense volume (cm^3^)-0.00010.11**-0.00030.008**-0.000040.840.43 Non-dense volume (cm^3^)**-0.000070.04-0.000080.01**0.000010.890.31Lesional % dense volume (cm^3^)0.00050.160.00060.160.00010.930.83 Dense volume (cm^3^)0.0040.080.0020.370.010.150.22 Non-dense volume (cm^3^)**0.0040.03**0.00030.90**0.0060.04**0.09Beta coefficients with *P* values \< 0.05 are presented in bold font. Non-cases: non-proliferative benign breast disease, proliferative (ductal hyperplasia; sclerosing adenosis), proliferative with atypia (atypical ductal or lobular hyperplasia). Cases: ductal or lobular carcinoma in situ and invasive cancer^a^Based on linear regression with the Box-Cox-transformed, standardized average MVD (within a woman) as the outcome and adjusted for age at biopsy (39--44, 45--49, 50--54, 55--59, 60--65 years) and BMI (\<25, 25-- \< 30, 30+ kg/m^2^)^b^ *P* heterogeneity based on a Wald test in the regression model corresponding to an interaction term between case status and the corresponding MD measure

Associations between MVD and breast cancer odds {#Sec12}
-----------------------------------------------

In logistic regression models adjusted for age and BMI, we observed that a one standard deviation increase in MVD was associated with a significant increased OR of carcinoma in situ*/*invasive disease compared with non-cases (OR = 1.69, 95 % CI = 1.17--2.44) (Table [4](#Tab4){ref-type="table"}). Compared with non-cases, MVD was positively associated with carcinoma in situ (OR = 1.36, 95 % CI = 0.91--2.04) and invasive cancer (OR = 4.86, 95 % CI = 1.91--12.38) (Table [4](#Tab4){ref-type="table"}). In models that further parsed the biopsy diagnoses as benign, proliferative, proliferative with atypia, carcinoma in situ, and invasive cancer, we observed a significant increase in the proportional odds of more invasive disease associated with higher MVD (OR = 1.66, 95 % CI = 1.27 - 2.16) (Table [4](#Tab4){ref-type="table"}). These relationships persisted after further adjustment for MD measures.Table 4Logistic regression estimates for the association between microvessel density (MVD) and breast biopsy diagnosisBreast biopsy diagnosisNOR (95 % CI)^a^*P*Non-case1741.000.005Case441.69 (1.17--2.44)Non-case1741.000.002In situ carcinoma361.36 (0.91--2.04)Invasive84.86 (1.91--12.38)Benign501.000.002Proliferative991.56 (1.04--2.33)Proliferative with atypia251.47 (0.84--2.58)In situ carcinoma361.89 (1.13--3.15)Invasive86.81 (2.52--18.42)Ordinal odds ratio1.66 (1.27--2.16)0.002The average of MVD within a woman was computed and standardized by one standard deviation. Non-cases: non-proliferative benign breast disease, proliferative (ductal hyperplasia; sclerosing adenosis), proliferative with atypia (atypical ductal or lobular hyperplasia). Cases: ductal or lobular carcinoma in situ and invasive cancer^a^Adjusted for age at biopsy (39--44, 45--49, 50--54, 55--59, 60--65 years) and BMI (\<25, 25-- \< 30, 30+ kg/m^2^)

To test our primary hypothesis of an interaction between MVD and MD, Table [5](#Tab5){ref-type="table"} presents associations between MVD and breast cancer odds stratified by MD measures. We observed increased breast cancer odds with increasing MVD among women classified as low (i.e., below the median) percent density, which was consistent across MD measures. For example, among women with low global or low lesional percent dense volume, higher MVD was associated with higher breast cancer odds (OR = 2.35, 95 % CI = 1.33--4.14) and (OR = 3.03, 95 % CI = 1.61--5.70), respectively. The effect estimates in the low percent density stratum significantly differed from the effects observed in the high (i.e., above the median) percent density stratum for lesional density (*p* heterogeneity = 0.03) but not global density (*p* heterogeneity = 0.11).Table 5Logistic regression estimates for the association between microvessel density (MVD) and breast biopsy diagnosis stratified by mammographic density (MD) measuresDensity measureBelow median of mammographic density measureAbove median of mammographic density measureCasesNon-casesOR (95 % CI)^a^CasesNon-casesOR (95 % CI)^a^*P* heterogeneity^b^VolumeEffect of microvessel density (MVD)^c^ on breast cancer riskGlobal % density (volume)2387**2.35 (1.33--4.14)**21871.23 (0.73--2.07)0.11 Dense volume (cm^3^)22871.60 (0.84--3.05)2287**1.78 (1.07--2.98)**0.23 Non-dense volume (cm^3^)21871.14 (0.67--1.95)2387**2.51 (1.41--4.46)**0.08Lesional % dense volume (cm^3^)2188**3.03 (1.61--5.70)**23861.10 (0.69--1.79)**0.03** Dense volume (cm^3^)19881.25 (0.67--2.32)2586**1.90 (1.15--3.13)**0.61 Non-dense volume (cm^3^)15870.97 (0.50--1.90)2987**2.13 (1.30--3.48)**0.06Each MD measure was dichotomized at the median based on the distribution among non-cases. ORs with *P* values \< 0.05 are presented in bold font. Non-cases: non-proliferative benign breast disease, proliferative (ductal hyperplasia; sclerosing adenosis), proliferative with atypia (atypical ductal or lobular hyperplasia). Cases: ductal or lobular carcinoma in situ and invasive cancer^a^Adjusted for age at biopsy (39--44, 45--49, 50--54, 55--59, 60--65 years) and BMI (\<25, 25-- \< 30, 30+ kg/m^2^)^b^ *P* heterogeneity based on a Wald test in the regression model corresponding to an interaction term between the dichotomous MD measure and MVD^c^The average of MVD within a woman was computed and standardized by one standard deviation

Among women categorized as high (i.e., above the median) absolute dense volume, higher MVD was significantly associated with increased breast cancer odds. For example, among women with high global absolute dense volume, higher MVD was associated with a 1.78-fold increase in breast cancer odds (95 % CI = 1.07--2.98); however, this was not significantly different than the odds observed among women in the low global absolute dense volume category (OR = 1.60, 95 % CI = 0.84--3.05, *p* heterogeneity = 0.23). A similar pattern was noted for lesional absolute dense volume.

Regarding the non-dense volume measures, the association between MVD and breast cancer differed between women with lower versus higher amounts of non-dense volumes, such that higher breast cancer odds were observed among women with greater amounts of non-dense tissues. For example, higher MVD was associated with a 2.51 (95 % CI = 1.41--4.46) times higher odds of breast cancer among women in the high absolute non-dense volume stratum compared with a 1.14 (95 % CI = 0.67--1.95) times higher breast cancer odds among women in the low absolute non-dense volume stratum (*p* heterogeneity = 0.08). A similar pattern was noted for lesional non-dense volume.

Lastly, relationships between tumor characteristics and MVD were evaluated among the 44 cases (Additional file [1](#MOESM1){ref-type="media"}: Table S1). We did not observe significant differences by grade, histology, or hormone receptor positivity; however, this exploratory analysis was based on small numbers.

Discussion {#Sec13}
==========

Our results demonstrate that women with diagnostic vacuum-assisted breast biopsies and a pathology finding of in situ or invasive breast cancer are more likely than women with benign lesions to have higher tissue MVD. MVD was not associated with MD, although the relationship of higher MVD and in situ/invasive breast cancer was higher among women with increased total breast adipose content. These findings are consistent with data suggesting that women whose MRIs show higher BPE are more likely to have a prevalent breast cancer, and support further research on parenchymal patterns in breast imaging as markers of breast cancer risk.

MRI-assessed BPE is directly related to vascular supply and vessel permeability \[[@CR4]\], which enables the detection of breast cancer secondary to increased blood flow and leaking of contrast from abnormally permeable cancer-associated vessels. Our findings are consistent with two retrospective breast MRI studies, in which higher levels of MRI-assessed BPE were associated with breast cancer independent of MRI-assessed fibroglandular tissue (i.e., density). In the study by King and colleagues \[[@CR5]\], among 1275 women who underwent breast MRI screening, 39 women had a prevalent breast cancer. Increased BPE was strongly associated with elevated breast cancer odds after adjustment for fibroglandular tissue \[[@CR5]\]. In the second MRI study to evaluate BPE level and breast cancer odds, 23 women with a breast cancer diagnosed a median of 2 years after the index MRI and 23 age- and *BRCA1/2* mutation status-matched women who did not develop breast cancer were included. Compared with minimal BPE, breast cancer risk was nine times higher (95 % CI = 1.1--71.0) among those with mild, moderate, or marked BPE \[[@CR6]\]. This latter study suggests that MRI-assessed BPE can be used to predict future breast cancer risk, broadening the clinical utility of this marker.

When we launched the BREAST Stamp Project in 2007, there was not sufficient scientific evidence to recommend supplemental MRI screening for women with dense breasts \[[@CR12]\]. In our study, only two of 218 women (0.9 %) were recommended to have a supplemental MRI. As a result, we are unable to assess the relationship between MRI-assessed BPE and MVD in this study population. Although we did not capture MRI as part of the study protocol, increasingly, MRI is being considered as a supplemental screening tool among women with dense breasts \[[@CR13]\], and our work may therefore be important for future studies relating breast tissue vascularity to radiologic measures of breast density.

In a cohort of approximately 2000 women who underwent a biopsy for a benign breast lesion, 24 women subsequently developed breast cancer (median time to diagnosis was not provided) \[[@CR14]\]. For each case, one control subject who did not develop breast cancer in follow-up was randomly selected and matched by age at biopsy, year of biopsy, and follow-up time. Tissue from the initial biopsy lesion was assessed for MVD, and the authors reported a seven times higher breast cancer risk (95 % CI = 0.9--52.2) for women in the highest category of MVD compared with the lowest \[[@CR14]\]. Other studies have evaluated MVD levels across a spectrum of breast histology in convenience samples, including benign tissue from patients undergoing reduction surgery, hyperplasia, in situ, and invasive breast cancers \[[@CR15]--[@CR18]\]. These studies have demonstrated a gradient of higher MVD with increasing lesion severity, which was also evident in our multivariable polytomous logistic regression analyses that separately considered the non-benign diagnoses.

We initially hypothesized that the combination of high MD and high MVD would be significantly associated with breast cancer compared with other combinations of these two features (e.g., high MD/low MVD). The underlying rationale for this hypothesis was two-fold: first, while higher mammographic breast density is strongly associated with breast cancer risk, many women with dense breasts do not subsequently develop breast cancer. Therefore, other biological mechanisms must work in concert with elevated density to increase breast cancer risk. Second, higher levels of BPE, a measure of vascular supply, are positively associated with breast cancer independent of fibroglandular content \[[@CR5], [@CR6]\]. We posited that dense breast tissue characterized by high vascularity would be metabolically "active" with a higher potential for malignant transformation compared with dense, avascular breast tissue. We indeed observed a higher odds of breast cancer associated with higher MVD within strata of high absolute density measures; however, these associations were not statistically different than the effects observed within strata of low absolute density measures.

We observed that the MVD-breast cancer association was stronger among women with greater amounts of non-dense tissue, as revealed in the analyses stratified by percent density and absolute non-dense volume. Regardless of the density measure (global or lesional), these analyses consistently demonstrated a significant positive OR for the relationship between MVD and breast cancer odds within strata of low percent density and within strata of high absolute non-dense volume. Reasons for this association are unclear. Non-dense breast tissue is primarily composed of adipose tissue, which is radiolucent and appears dark on a mammogram. In a recent meta-analysis of area density measure studies, absolute non-dense area was inversely associated with breast cancer risk among pre- and postmenopausal women, with slight attenuation after adjustment for absolute dense area, particularly among premenopausal women \[[@CR19]\]. Conversely, some have suggested that higher amounts of breast adipose tissue are related to increased breast cancer risk \[[@CR20], [@CR21]\]. Adipose tissue secretes a number of factors including adipokines, pro-inflammatory molecules, chemokines, hormones, and growth factors \[[@CR22]\] -- when dysregulated, these factors have been shown to contribute to the development and progression of breast cancers \[[@CR23]--[@CR25]\]. We hypothesize that in a microenvironment characterized by dysregulated pathways, in this case angiogenesis, adipose tissue may facilitate the carcinogenic process. Although additional studies are needed, our results would suggest that MVD is a potentially important biomarker in identifying a high-risk segment of women that are traditionally perceived as having lower breast cancer risk based on their MD.

We did not detect clear relationships between MVD and the quantitative assessments of volumetric MD (global or lesional) in the overall study population or stratified by menopausal status. In accordance with our findings, several MRI reports also failed to observe an association between BPE and MD \[[@CR26]--[@CR28]\]. Our menopausal status-stratified analyses conflict with a previous study of 28 women with paired breast MRIs -- one available while the woman was pre-menopausal and one following menopause -- that demonstrated a decline in BPE after menopause among 61 % (17/28) of women \[[@CR11]\]. The lack of association between MVD and MD measures in our study, coupled with the observation that the MVD-breast cancer association was not substantially attenuated when MD was included in the models, suggests that MVD and MD affect breast cancer through independent biological mechanisms. Further, apart from lesional non-dense volume, we did not observe significant differences in MD measures by pathologic diagnosis, which has been previously reported in this study population \[[@CR7]\]. Although percent MD is a strong and established risk factor for breast cancer development, higher MD may not necessarily predict breast cancer risk among women referred for biopsy \[[@CR29]\].

We are unaware of any study relating breast cancer risk factors to histologic markers of angiogenesis among women with benign breast disease. Our analysis revealed few associations: MVD was inversely associated with age and BMI among women without breast cancer. Interestingly, BPE appears to be hormonally regulated: premenopausal women have been reported to have higher BPE levels compared with postmenopausal women \[[@CR11]\] whereas use of tamoxifen \[[@CR30]\] or aromatase inhibitors \[[@CR31]\] has been associated with declines in BPE levels in the contralateral unaffected breast. Although we did not observe a statistically significant association between MVD and menopausal status, the age range of our study population was limited, which may have affected our ability to detect an association. Furthermore, we did not observe significant relationships between MVD and other tumor characteristics, probably due to low numbers of cases.

Strengths of our study include the quantitative, reliable global density measures that have been validated with respect to breast cancer risk factors \[[@CR7]\] and risk \[[@CR32], [@CR33]\] and analysis of biopsies prior to surgical intervention, which can induce granulation tissue and neovascularity. Limitations of our study include the potential for misclassification of MVD. Although robust methods for MVD assessment in breast tumors exist \[[@CR34]\], methods for benign breast tissues have not been well validated. Therefore, we undertook a rigorous and agnostic approach to score MVD in all tissue sections, masked to diagnosis. Importantly, we did not observe large differences in MVD between randomly selected regions on the whole section slides within a woman/biopsy, nor did we note differences when the number of high-power fields reviewed per tissue section was reduced. Moreover, the high intra-rater and inter-rater agreement we observed suggests our MVD assessment method was reproducible. Like many studies of MD, our study population consists of mostly white and well-educated women, and the extent to which these results apply to the general population is unknown. Further, our study population consists of women referred for an image-guided breast biopsy -- identifying biomarkers among women referred to biopsy is important and future studies in larger, more diverse populations may be warranted to determine the utility of this biomarker.

In summary, our histopathologic analysis suggests that tissue vascularity, as reflected by MVD, is associated with breast cancer independently of MD, and the effect may be stronger among women with lower breast density. Although women with low MD tend to have lower breast cancer risk, these women account for a high percentage of breast cancers overall. Our results add to prior findings suggesting that the features of benign parenchyma, assessed radiologically or histologically, may be related to breast cancer. Specifically, prior analyses have found that women with benign breast disease who have more associated terminal duct lobular units (TDLUs) experience increased breast cancer risk \[[@CR35], [@CR36]\], independent of MD \[[@CR37]\], although the two are correlated \[[@CR9], [@CR38]\]. In future studies, it may be possible to integrate MD, MVD (assessed histologically or radiologically) with histologic assessment of TDLU involution to assess future breast cancer risk, particularly following a biopsy diagnosis of benign breast disease.

Conclusions {#Sec14}
===========

Microvessel density was positively associated with breast cancer odds in our study, independent of mammographic density, an established breast cancer risk factor. Further, the association between microvessel density and higher breast cancer odds was stronger among women with lower mammographic breast density, which account for a high percentage of breast cancers overall. These results need to be replicated in larger studies, particularly in prospective studies with mammograms and breast biopsy material available years prior to the cancer diagnosis. This would provide evidence that increased vascularity is related to cancer development, rather than a finding that manifests after cancer occurs.
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Additional file 1: Table S1.Association between microvessel density (MVD) and tumor characteristics among breast cancer cases (n = 44). (DOC 54 kb)
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